Silvopastoral systems of the Swiss Jura Mountains serve as a traditional source of forage and timber 28 in the subalpine vegetation belt, but their vulnerability to land-use and climate change puts their 29 future sustainability at stake. In this paper we couple experimental and modelling approaches to 30 assess the impacts of climate change on the pasture-woodland landscape. We draw conclusions on 31 the resistance potential of wooded pastures with different management intensities by sampling 32 along a canopy-cover gradient. This gradient spans from unwooded pastures associated with 33 intensive farming, to densely wooded pastures associated with extensive farming. Transplanted 34 mesocosms of these ecosystems placed at warmer and drier conditions provided experimental 35 evidence that climate change reduced herbaceous biomass production in unwooded pastures, but 36 had no effect in sparsely wooded pastures, and even stimulated productivity in densely wooded 37 pastures. Through modelling these results with a spatially explicit model of wooded pastures 38 (WoodPaM) modified for the current application, results were extrapolated to the local landscape 39 under two regionalised IPCC scenarios for climate change. This led to the suggestion that within the 40 Jura pasture-woodlands, forage production in the near future ( Pasture-woodlands are a traditional man-made landscape in European mountains (Etienne 1996 ) 57 and cover a major part of the Swiss Jura Mountains. They consist of a mosaic of open grassland, 58
closed forest, and semi-forested pastureland with scattered or clumped trees and owe their shape to 59 a long history of multifunctional land use, mainly pasturing and forestry ). 60
Wood-pastures are true ecotones between closed forests and open grassland and thus more than just 61 a simple interface between those two vegetation types. In such silvopastoral ecosystems, grasslands 62 and woodlands are intimately associated in space and time as the result of a balance between 63 counteracting ecological processes (Gillet et al. 2002 , Gillet 2008 . Forest encroachment and its 64 suppression by browsing of livestock and extensive pasture management leads to a spatio-temporal 65 heterogeneity of the landscape, defined by disturbance regimes, microclimate, and topography, and 66 provides favourable conditions for high biodiversity (Gillet et al. 1999 , Dufour et al. 2006 ). 67 68
At present, pasture-woodlands vary substantially in the amount and quality of ecosystem services 69 they provide. Economically important factors such as forage supply are maintained higher through 70 intensively managed treeless pastures than through extensive wood-pastures with free grazing 71 livestock. This is important for local farmers who, from a socio-economic view, are the main users 72 of wooded pastures and, as such, may deliberately shape the landscape into an unwooded one. Apart 73 from farmin, in some regions revenues generated from forestry activities may be substantial (Gillet 74 and Gallandat 1996). The significance of this landscape for the tourist economy has also been 75 acknowledged, though it remains difficult to measure (Miéville-Ott and Barbezat 2005 In WoodPaM, a pasture is represented by an arrangement of quadratic, 25 m wide, grid cells (as in 262 Figure 1 ). In each cell the vegetation is represented by a herb, a shrub, and a tree submodel. 263
Succession in the herb layer is driven by the intensity of grazing and dunging, as well as by tree 264
cover. As such, it is cathegorised in the following four vegetation types -eutrophic pasture, 265 oligotrophic pasture, fallow, and understory, which differ in pastoral value (PV) (see Table 1 ). A 266 first estimate of yearly forage production P in a grid cell is computed based on a new regression 267 model (in comparison to Gillet (2008) ), which relates empirical data on productivity from the same 268 set of vegetation surveys from the Jura Mountains and the Alps as used in Gillet (2008) to the 269 pastoral value PV and the length of the vegetation period vegdays, with: 270 271 P = yearly forage production (t DM ha -1 a -1 ) 272 PV = average pastoral value of the herb layer in the grid cell, weighted by the relative cover of 273 vegetation types 274 vegdays = length of the vegetation period (days) 275 fpm = maximal production (20 t DM ha -1 a -1 ) 276 fpi = "initial" production for PV = 0 (8.5 t DM ha -1 a -1 ) 277 ra = altitude effect on the growth coefficient (2.152 10 -5 ) 278 rm = maximal growth coefficient for A = 0 (0.05) 279 280
During simulations, the first estimate of yearly forage production is calculated from the current 281 pastoral value of the vegetation types of each grid cell and the average length of the vegetation 282 period during the last 50 simulation years. By this means, we take into account that the productivity 283 of grassland plant communities increases slowly following the general trend of temperature rise (see 284 Figure 2 ), rather than spontaneously in single warm years. In the second case, a drought effect has 285 to be expected, which we address seperately (see next paragraph the regression function also expresses the dependency of productivity on tree cover (low forage 298 production of understory in comparison to grassland), the pastoral value of understory is set equal to 299 the value of grassland (see Table 1 ). The combined impact of drought and tree cover is computed 300 according to Equation 1:  301  302  <eqn1>  303  304 Thus, the final yearly forage production in each cell, taking into account the slow prolongation of 305 the vegetation period and yearly positive anomalies in the average temperature of the vegetation 306 period, is computed as the product of P and D. 307 308
This model modification assumes that (1) the productivity of mountain grassland communities 309 slowly increases with the increasing length of the vegetation period experienced during the last 50 310 years (community adaptation), however (2) their productivity in extraordinary hot years is 311 consistently reduced by drought. We set the current climate (see Figure 2) Results from the ANCOVA model indicated that AGB production along the transplantation gradient 381 was significantly affected by pasture type (P 2,25 < 0.001), and its interaction with the altitude of the 382 transplantation site (P 4,25 < 0.001). Significant effect exerted also soil temperature (P 1,25 = 0.016) 383
and soil moisture (P 1,25 = 0.008). AGB quantity decreased significantly along the land-use intensity 384 gradient in the order unwooded > sparsely wooded > densely wooded pastures (Figure 2 ). These 385 differences were most evident at the control site at 1350 m a.s.l., but were weakened at warmer 386 climate where AGB production was stimulated in densely wooded pastures, reduced in unwooded 387 pastures, and remained unchanged in sparsely wooded pastures (see Figure 2 , and the statistically 388 significant interaction between pasture type and altitude). The transplantation altitude alone had no 389 consistent effect on AGB across the pasture types. 390 391
Fitting a linear regression model through the biomass data allowed us to estimate the influence of 392 landuse and climate parameters on pasture productivity. The resulting model (R 2 = 0.85, P 3,41 < 393 0.001) is given in Equation 2:  394  395  <eqn2>  396  397 It expresses the production of herbaceous biomass AGB as a function of tree cover percentage 398
TreeCover, air temperature anomaly T and their interaction. All parameter estimates, including the 399 model's intercept were highly significant (P 1,41 < 0.001) and were hence implemented into the 400
WoodPaM model in the form of a factor applied to the first estimate of forage production in the 401 grassland-forest mosaic (see section "Spatially-explicit simulation model of wood-pasture 402 ecosystems WoodPaM"). 403 404 405
Effects of temperature anomalies on forage production at landscape level 406 407
Simulated time series of global forage utilization rates (GUR) followed distinct trajectories 408 according to the management intensity within each of the studied pastures (Figure 4 ). Most obvious 409 was the trivial effect of a higher utilization rate with higher stocking density, which led to well-410 seperated curves for each pasture. The spin-up period ended around year 1980 and realistic 411 utilization rates were simulated for extensive (EWP, ~70 %), moderate (MWP, ~80 %) and intense 412 pastures (IWP, ~100 %). An utilization rate of 100 % means an optimal stocking density in an 413 economic sense, because all available forage is consumed. An utilization rate below 100 % 414 indicates undergrazed patches, which are typical in extensively grazed pastures, and provide niches 415 where shrubs and woods can develop and form the specific landscape mosaic of pasture-woodlands. 416 417
From year 2000 onwards, utilization rates did not decrease, as one would expect from the increase 418 in productivity following the prologation of the vegetation period with climate change (see Figure  419 2). The rapid temperature rise and subsequent increase in simulated drought due to an increasing 420 number of years with hot summers compensated for this effect. In the course of time, the utilization 421 rates of IWP and MWP started to fluctuate with increasing amplitude and peaks far above the 422 threshold of 100 %. To the contrary, the utilization rate of EWP remained always below 100 % and 423 fluctuations were far smaller. For the drastic warming scenario A1FI (+8K) such effects were even 424 more pronounced, especially in the projected heatwave in simulation years 2042-2047. 425 426
Overall, for current stocking densities, simulations of extensive pastures showed a continuous 427 provision of sufficient forage, while in intense pastures scarcity of forage was indicated. The stable 428 forage provision in EWP (i.e., low amplitude of projected GUR in Figure 4 ) might appear trivial 429 due to intrinsicly low stocking densities in this pasture. Nevertheless the stimulated AGB 430 production in its forested landscape patches did provide a quantitative buffering capacity against 431 heatwaves. Such a contribution of landscape heterogeneity to ecosystem process resilience is 432 exemplified (Table 3) drought causing an increase of 12.5 % in GUR (Table 3 and Figure 5 ). Similar drought impacts on 437 forage production were also recognisable within the grasslands of MWP and EWP ( Figure 5 ), 438 however, the utilization rate in EWP, which is a true forest-grassland mosaic, increased only with 439 6.7% in GUR (Table 3 ). An additional mathematical correction for the potential bias of extensive 440 pastures being less prone to overshooting GUR levels in response to forage scarcity was 441 implemented by dividing GUR values for a given year by the longterm average GUR. As seen in 442 Table 3 , the corrected differences in GUR values between the two years remained higher in IWP 443
and MWP (11.9 and 12.4, respectively) compared to those in EWP (9.5), which indicated the 444 simulated buffering potential of wood-pastures .  445  446  447  DISCUSSION  448  449  450 Distinct effects of climate change on herbaceous production across land-cover types 451 452
Our experimental study was novel for directly comparing climate change impacts on several 453 neighbouring grasslands experiencing different intensities of management, which were manifested 454 by a gradient of forest canopy cover and herbaceous species composition. The results unequivocally 455 displayed the decline in herbaceous productivity in open pastures in contrast to a stable and even 456 increasing one in forested pastures. This pattern became apparent after only one year of 457 experimental treatment, which emphasises the importance of stochastic heat waves for the 458 functioning of pasture-woodland ecosystems. As a result of the transplantation treatment, open 459 pastures experienced disproportionately stronger drought effects than the two wood-pasture types 460 and this was driven mainly by decreased soil moisture availability. Even though our simplistic 461 design for shading of the mesocosms did certainly not encompass all the microclimate effects of a 462 real tree canopy (i.e., ambient humidity, wind interception, canopy leachate and litter deposition, or 463 underground competition for resources), we believe our results on herbaceous production are robust 464 due to the appropriate use of control plots and the overall short time span of the treatment, which 465 prevented accumulation of confounding carry-over effects. 466 467
One of the most prominent factors driving the reduction in AGB was the decrease in soil moisture 468 availability during the plant growing season. Whereas soil temperature increased linearly with 469 warmer climate for all pasture types, we found that soil humidity was mainly affected in the 470 12 unwooded pasture plots paralleled by a decrease in standing plant AGB. climate change impacts on primary production mechanistically determine forage availability for 492 cattle, which in turn shapes landscape structure via selective grazing behaviour (Kohler et al. 2006 ). 493
Regardless of the limitations of our experimental design, which did not account for plausible 494 interaction between precipitation and temperature, we do not expect a qualitative bias in our 495 interpretations. Our confidence comes from the locally observed and predicted strong negative 496 correlation between these two climatic factors, hence we included only temperature in our 497 predictive model for AGB production. Even though we based our choice of transplantation gradient 498 on both current weather observations and climate predictions, we could not account for ecosystem 499 responses to future warm and wet, or cold and dry plant growing seasons. 500 501
While other studies of climate-change impacts on wooded pastures rely mainly on the climate 502 sensitivity of tree species (Peringer et al. this issue) , ours focused on the functioning of grasslands. 503
The design of simulations encompassed a much shorter timeframe from 2000 to 2050 AD -a period 504 short enough to detect climatic stress while assuming no plant species adaptation (development of 505 drought adapted ecotypes), or significant community change through immigration. Even though this 506 assumption may appear unrealistic for the last decades of simulation, we considered three reasons 507 for it: (1) there is no simple way to implement evolutionary and dispersal processes for grassland 508 species in the model; (2) species shift from lowland following climate change is probably very slow 509 in this area, due to forest barriers to the dispersal of herbaceous species; (3) phenotypic plasticity 510 and genetic polymorphism of established plant populations is likely to allow yet some adaptation to 511 drought stress due to the long history (ecological continuity) of these mountain pastures. 512
Furthermore, this period is too short to produce any substantial shift in the tree layer and thus the 513 landscape structure; 1 The pastoral value is based on vegetation surveys (Gillet & Gallandat 1996 , Gillet 2002 , except for understory. Here PV is artificially set to the value of eutrophic pasture, because the lower productivity of understory is expressed by a combined influence of drought and tree cover (see text). 
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